Hybrid organic-inorganic metal-halide perovskites (HOIPs) are a class of ionic semiconductors that are characterized by the 'softness' of the crystal lattice. 1 This gives rise to complex lattice dynamics that define the nature of charge transport 2,3 and relaxation processes, 4 as well as the nature of dynamic disorder. 5 Although it was initially argued that the motion induced by the organic-inorganic interactions has considerable impact on the dynamic disorder of the lattice, 6, 7 later works demonstrated that such motion is ubiquitous to the metal-halide perovskite structure, even within all-inorganic frameworks. 8 However, some experiments have also provided evidences for the non-trivial influence of the organic cation motion on the carrier induced lattice deformation and subsequently on the polaron formation dynamics. We have recently demonstrated that such polaronic effects can be perceived even within two-dimensional counterparts of the 3D HOIPs. When chosen appropriately, the organic cation in the crystalline motif in perovskitoid derivatives separates the single layers of metalhalide octahedra lattices planes and thus electronically decouples them from each other. This results in quantum-well-like structures as exemplified in Fig. 1 In this article, we carry out non-resonant Raman spectroscopy on two derivatives of a single layer lead-iodide perovskite, A 2 PbI 4 (A = n-butylammonium and phenylethylammonium), as a function of temperature over the range 15-295 K. In one sample, the organic cation A consists of an ammonium derivative containing a linear alkyl chain, while in the other one it includes phenyl substitution. We find that the temperature-dependent Raman spectrum is strongly dependent on the nature of the cation, with the organic cation contributing more directly to Raman-active modes with frequency ≤ 200 cm −1 . We discuss the evolution of the Raman spectra with temperature in light of these differences between the two samples investigated, and we conclude that the nature of dynamic disorder at room temperature is distinct.
In the current work, we are particularly interested in discerning the evolution of the vibrational spectra below room temperature. (NBT) 2 PbI 4 undergoes a crystal phase transition in the range of 220 -260 K (depending on the direction of the temperature scan), below which the PbI 6 octahedra are subjected to significant out-of-plane tilt, as represented in Fig. 1 in the probed temperature range, as confirmed by X-ray scattering measurements at least till about 77 K. 13 The corresponding crystal structure with minimum octahedral distortion is shown in Fig. 1(c) . Fig. 1 (b) and (d) show the non-resonant Raman spectra taken from single crystals of (NBT) 2 PbI 4 and (PEA) 2 PbI 4 respectively over a wide temperature range.
Close to room temperature, the Raman response of both the samples are composed of broad spectral lineshapes with peaks centered around 100 cm −1 and 130 cm −1 . A broad peak leading to a central peak is also evident, especially in the case of (PEA) 2 PbI 4 . Yaffe et al. 
The experimental Raman spectra of (NBT) 2 PbI 4 and (PEA) 2 PbI 4 taken at 15 K are displayed in the top panels of Fig. 2 (a) and (b) respectively and the corresponding theoretical spectra are shown in the bottom panels. The DFT calculations are based on harmonic approximation and relies on crystallographic models of the considered compounds obtained Intriguingly, modes above 100 cm −1 have substantial, if not exclusive contribution from the motion of the organic cations. In the case of (NBT) 2 PbI 4 , these correspond to various torsional motion of the C-C-C bond within the NBT molecule along with associated motion within the inorganic lattice induced via hydrogen bonding. The latter is particularly relevant for mode A12 which is associated to the torsion of the H-N-C-C bond angle and thus involves substantial motion of the amine group that binds to the inorganic framework. In the case of (PEA) 2 PbI 4 , the three modes observed above 100 cm −1 , B2-B4 correspond to the motion of the phenly rings that are π-stacked within the lattice. Having successfully assigned the low temperature Raman spectra to specific lattice normal modes, we now discuss the temperature trends of the spectral energies and linewidths.
Plotted in Fig. 3 are the relative energy shifts (with respect the 15 K values) and the full width at half maximum of four representative modes of (NBT) 2 PbI 4 . The choice of the modes is not only based on the existence of clear peaks over a wide temperature range, but also on their distinct nature. Modes A3 and A4 that correspond to the apical and equatorial stretching of the Pb-I bond respectively exhibit similar trends with temperature ( Figs. 3(a) and (b)). The mode energies monotonically reduce due to the softening of the lattice at higher temperatures. While this can be attributed to the thermally activated lattice expansion, Cortecchia et al 14 recently demonstrated using comprehensive X-ray diffraction data the lattice expansion is not mediated by the octahedral expansion. It is rather assisted by the tilting of the octahedra, which qualitatively explains the higher sensitivity of the equatorial stretch (A4) to temperature in comparison to the apical stretch (A3). It is intriguing here to note the anomalous trend of mode A12 whose energy increases with increasing temperature.
As discussed previously, this mode corresponds to the motion of the organic cation and also involves hydrogen bonding with the inorganic lattice. Tilting of the octahedra and NBT molecule may stiffen such a motion leading to the observed increase. Another consideration which has to be quantiatively formulated pertains to the anharmonicity induced by phononphonon interactions at higher temperature. This may be particularly relevant to rationalize the trend of A5 shown in Fig. 3(c) , which exhibits a distinct behaviour above 150 K with a rapid increase in the mode energy as well as substantial broadening of the linewidth. A quantitative analysis of these trends will provide the essential insights into the distinct trends of various modes shown in Fig. 3 .
Coming to the case of (PEA) 2 PbI 4 , we reported the distinct jumps at around 100 K for (PEA) 2 PbI 4 , both in the Raman and linear spectra in our earlier work. 13 This is accompanied by substantial broadening of one particular mode (B3) along with suppression of another (B4) above 100 K, which we identify to be from the organic motion. Given that these vibrations correspond to the π-π motion of the phenly groups, this peculiar temperature trend can be interpreted as the increase in the disorder in the orientation of the organic cations and the intermolecular interactions, which subsequently increases both static and dynamic disorder within the lattice. Possibly, the phenyl ring stacking is driving lattice ordering and greater coupling of the seemingly localized vibrations with the lattice. As also hypothesized earlier by Thouin et al, Subsequently, the solution is left to cool down at room temperature. 24 h later, the grown orange crystals are collected via filtration and dried under vacuum at 100
The Raman measurements were taken at 730 nm with an excitation power of 100 mW using a continuous wave Ti:sapphire laser from Spectra Physics (Matisse TS) in a near backscattering configuration. The beam was focused using a convex lens and the spot size was about 100 µm. The spectra were detected by a Princeton Instruments CCD which is cooled by liquid nitrogen in conjunction with a double spectrometer Jobin-Yvon U1000.
Everything was taken by a computer using an Arduino controlled by a Python program.
The samples were always under vacuum inside the cryostat during the measurements. All the measurements were taken under vacuum using a cryostat with a Pfeiffer Vacuum HiCube turbo pump. The temperature was controlled with a CTI-CRYOGENICS compressor with a temperature controller Lakeshore 330.
The calculations have been performed by adopting periodic boundary conditions and localized atomic basis set as implemented in the CRYSTAL17 program. 17 The computational set-up consists of double split quality basis sets which include polarization, along with the PBE functional for the description of the exchange-correlation. 18 An automatic 4x4x1 sampling of the first Brillouin zone was selected, 19 where the less dense sampling is related to the direction associated to the inorganic-sheet stacking, in the reciprocal lattice.
The Grimme-D2 approach was included, to improve the description of the atomic forces between the organic cations. The SCF accuracy has been increased to 10the parental CH 3 NH 3 PbI 3 perovskite in Ref. 20 and resulted in DFT vibrational spectra in excellent agreement with the experimental data available.
